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Objective: Subchondral bone cyst (SBC) growth, caused by osteoclast activity during early knee osteo-
arthritis (OA) pathogenesis, should be treated to prevent further progressions of OA. In the present study,
we evaluated the effects of gentle treadmill walking on subchondral bone and cartilage changes in an
experimental rat model of destabilized medial meniscus (DMM).
Method: Twelve-week-old Wistar rats underwent DMM surgery in their right knee and sham surgery in
their left knee and were assigned to either the sedentary group or walking group (n ¼ 42/group). Animals
in the walking group were subjected to treadmill exercise 2 days after surgery, which included walking
for 12 m/min, 30 min/day, 5 days/week for 1, 2, and 4 week(s). Subchondral bone and cartilage changes
were evaluated by micro-CT analysis, histological analysis, and biomechanical analysis.
Results: Treadmill walking had a tendency to suppress SBC growth, which was conﬁrmed by micro-CT
(P ¼ 0.06) and positive staining for tartrate-resistant acid phosphatase (TRAP) activity for the osteo-
clast number per bone surface (P ¼ 0.09) 4 weeks after surgery. These changes coincide with the pre-
vention of cartilage degeneration as evaluated by the Osteoarthritis Research Society International
(OARSI) score (P < 0.05) and biomechanically softening (P < 0.05). Furthermore, treadmill walking could
suppressed increasing osteocyte deaths (P < 0.01), which was positively correlated with the OARSI score
(r ¼ 0.77; P < 0.01).
Conclusion: These results indicate biomechanical and biological links exist between cartilage and sub-
chondral bone; preventive effects of treadmill walking on subchondral bone deterioration might be
partly explained by the chondroprotective effects.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Knee osteoarthritis (OA) is considered a multifactorial whole-
joint disease. Increased subchondral bone remodeling is an
important factor that contributes to OA pathology through the
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ternational. Published by Elsevier Lcomplex functional unit, which may play complementary roles in
the load-bearing joint2, and the subchondral bone supports over-
lying cartilage biomechanically.
In previous animal studies, it has been shown that subchondral
bone cysts (SBCs), subchondral bone plate thinning, and cartilage
degeneration were conﬁrmed in early phase instability-induced
OA, such as the destabilization of medial meniscus (DMM)3
through the dysregulation of osteoclast and osteoblast activity4.
These animal studies recapitulated key features of human OA
pathogenesis which coexist with meniscus degenerative changes5.
Activated osteoclasts were conﬁrmed in SBCs and further SBC
growth was observed after drilling towards the articular cartilage6.
According to an in vitro study, various cytokines and growth factors
secreted by osteoclast and osteoblast of OA sclerotic bone promote
loss of cartilage proteoglycans7. Therefore, preventing subchondral
bone osteoporotic changes by suppressing increased subchondraltd. All rights reserved.
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progression of OA8.
Osteocytes of subchondral bone have been thought of as
mechanosensing cells that inﬂuence osteoclast and osteoblast ac-
tivity. Recently, osteocyte deaths were conﬁrmed in OA sub-
chondral bone, which may result in increased subchondral bone
remodeling9. Cox et al. showed that increasing osteocyte deaths
may cause SBC growth10. According to these previous studies,
osteocyte deaths in subchondral bone lead to the dysregulation of
osteoclast and osteoblast, which result in subchondral bone oste-
oporotic changes.
Although the exact cause of increased subchondral bone
remodeling is unknown, changes involved in overlying cartilage are
proposed to be a principal cause. Mechanical loading is an impor-
tant factor, which regulates the maintenance of both cartilage and
subchondral bone of OA. Galois et al. showed that moderate me-
chanical loading has a potential preventive effect on cartilage
degeneration in instability-induced OA11. Recently, Boudenot et al.
and Siebelt et al. investigated the effects of treadmill running on
both cartilage and subchondral bone changes caused by chemically
induced OA; they showed that treadmill exercise inﬂuences sub-
chondral or trabecular bone metabolism12,13. However, whether
treadmill exercise has a preventive effects on subchondral bone
changes, particularly SBC growth and osteocyte death, remains
unclear and osteoclast and osteoblast activity should be examined
further to clearly determine the effects of treadmill exercise on
subchondral bone remodeling in OA.
We hypothesized that in addition to its chondroprotective ef-
fects14, gentle treadmill walking has inhibitive effects on sub-
chondral bone porosity. In this study, we evaluated the effects of
gentle treadmill exercise, consisting of milder intensity exercise
compared to previous studies12,13, on subchondral bone changes
(by using histological techniques and micro-CT analysis) and
cartilage degeneration in an experimental rat model of DMM.
Methods
Animals and surgical procedure
This study was approved by the animal research committee of
Kyoto University. Ninety male Wistar rats (12 weeks old; mean
body weight ¼ 272.1 g) were purchased and placed in plastic cages
with sawdust bedding, with three to four animals per cage. The
roomhad a 12 h dark/light cycle andwas at a constant temperature.
Animals were allowed to move freely in the cages and had free
access to food and water.
As described previously, our preclinical model of DMM3 was
performed under anesthesia using 0.85 mL/kg somnopentyl. All
these surgery were conducted in the light phase. The surgery
involved an incision of the medial capsule with a transection of the
anterior medial meniscotibial ligament (MMTL) on the right knee.
For internal controls, a sham operation was performed on the left
knee joint using the same approach without MMTL transection.
Exercise protocol
Animals were randomly divided into either the sedentary group
(n ¼ 42) or walking group (n ¼ 48). Animals in the walking group
were subjected to treadmill exercise 2 days after surgery on amotor
driven treadmill. A treadmill performance scale on a 1e5 Likert
scale was used to assess trainability before the walking exercise in
each animal15. Animals with a rating of 3 were included in the
present study and those with a mean rating of 1 or 2 were excluded
to avoid using differentially stressed animals16. Six out of the 48 rats
in the walking group were excluded due to an insufﬁcient score. Intotal, 42 rats were included into each group (i.e., sedentary and
walking groups) for the present study. All these exercise training
were conducted in the light phase.
Animals in the walking group were then subjected to treadmill
exercise for 1, 2, and 4 week(s) (n ¼ 14 per time point) for 5 days/
week, 30 min/day. The initial velocity of 6 m/min at 2 days was
increased to 12 m/min at or after 3 days. Animals in the sedentary
group were allowed to move freely in standardized cages without
any treadmill exercise for 1, 2, and 4 week(s) (n ¼ 14 per time
point). Seven rats in the sedentary and walking groups at each time
point were used for biomechanical analysis and the remaining
seven rats at each time point were used for micro-CT and histo-
logical analysis.
Biomechanical analysis
After the rats at each time point were sacriﬁced, a micro-
indentation test at the center of the medial tibia plateau was per-
formed, to determine the biomechanical properties of cartilage in
each group, according to a previously validated method17,18. A pre-
load of 0.01 N was applied and allowed to equilibrate for 100 s,
followed by loading at a strain rate of 0.005mm/s up to 0.1 N, which
was maintained for 300 s17. A stressestrain curve and creep (mm)
were obtained from the micro-indentation test17,18.
Micro-CT analysis of subchondral bone changes
Prior to histological sectioning, all rat knee joints were scanned
using a micro-CT system (SMX-100CT, Shimadzu, Kyoto, Japan)
with the following parameters: 600 views over 360 increment, 20
exposures averaged per view, voltage of 43 kV, current of 40 mA,
voxel size of 21 mm, and a scan time of approximately 7 min per
knee. The reconstructed data sets were examined using three-
dimensional data analysis software (Amira5.4, Visage, Berlin,
Germany).
To measure subchondral bone plate thickness (Sb thickness), we
selected subchondral bone of the weight-bearing region in the
medial tibia, which was deﬁned as a mediolateral width of 0.5 mm
and a ventrodorsal length of 1 mm in the frontal plane19. In addi-
tion, the maximum SBC diameter4 and the average diameter of 3
SBCs were compared between the DMM knee of the sedentary and
walking groups at each time point.
To further analyze the proximal tibia, 2 separate cylindrical re-
gions of interest (ROI), with a diameter of 1 mmwere placed at the
trabecular bone of the epiphysis in the medial tibia. The ﬁrst cyl-
inder, which had a height of 0.6 mm, was placed on epiphysis distal
to the growth plate in the trabecular bone. These ROIs were
determined based on anatomical landmarks with reference to
previous report such as that by McErlain et al.20 Details about the
ROIs are presented in Supplementary Fig. 4. Then, the following
parameters were calculated for the trabecular bone of the epiph-
ysis: trabecular bone volume fraction (Trab BV/TV), trabecular bone
thickness (Tb.Th), and trabecular spacing (Tb.Sp)21. To examine
whether Trab BV/TV could be changed locally as indicated by Botter
et al.21, the other cylinder, which had a height of 0.2mm,was placed
in the trabecular bone which was located epiphysis proximal to the
medial subchondral bone plate of the weight-bearing region. By
using the same algorithm as that used for the ﬁrst cylindrical ROI,
the subchondral trabecular bone volume fraction (Sb BV/TV) was
also calculated21.
Histological and immunohistochemical analysis
As described previously3, decalciﬁed parafﬁn sections were
prepared from the medial tibial plateau in the frontal plane. A
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with toluidine blue. The Osteoarthritis Research Society Interna-
tional (OARSI) scoring system22 was used to grade and stage OA
development. The most severe score in all three sections was
determined by a single trained observer (HI). OA development was
also quantiﬁed using the osteophyte score according to a previously
validated method23.
Six mm thick histological tissue sections stained with H&E in the
weight-bearing region of the medial tibia were digitized with a
light microscope at x100 magniﬁcation (Eclipse 80i, Nikon, Tokyo,
Japan). These tissue sections were serial sections of toluidine blue-
stained sections in the frontal plane of the medial tibia. To deter-
mine depth-speciﬁc changes of subchondral bone, the sequentially
bonded 4 standardized rectangular ﬁelds (100 mmdeep and 500 mm
long) were superimposed in the photo image using the Image-J
software from the surface of subchondral bone towards the deep
subchondral bone. The number of empty osteocyte lacunae per
square millimeter (E. Lac/mm2), the number of healthy osteocyte
lacunae per square millimeter (Healthy Ot/mm2), the total number
of osteocyte lacunae per square millimeter (Total Ot/mm2)
including the number of empty and healthy osteocyte lacunae, and
the osteocyte lacunar occupancy (%) which was the healthy oste-
ocyte lacunae number divided by the total osteocyte lacunaeFig. 1. Effects of treadmill walking on the biomechanical properties of cartilage in the med
(n ¼ 7; **P < 0.01 sham vs DMM group; xP < 0.05, xxP < 0.01 sham vs DMM þ walking gronumber, were calculated in each rectangular ﬁeld from three tissue
sections per knee joint. Furthermore, the healthy osteocyte lacunae
surface (mm2) and empty osteocyte lacunae surface (mm2) were
determined with the Image-J freehand tool by drawing their con-
tour line in each ROI24.
Osteoclasts and osteoblasts were visualized using histochemical
staining for tartrate-resistant acid phosphatase (TRAP) activity and
alkaline phosphatase (ALP) activity, respectively, using the TRAP/
ALP stain kit (Wako, Osaka, Japan). TRAP-positive osteoclasts per
bone surface, which were adherent to calciﬁed cartilage (sub-
chondral bone region) within a region containing a mediolateral
width of 0.5 mm in the middle region of the medial tibia25, were
counted. Furthermore, TRAP-positive osteoclasts per bone surface
in osteophyte (osteophyte region) were also counted25.
Immunostaining of type II collagen (Diluted 1:200; Fine
Chemical Co., Toyama, Japan) was also performed according to the
method as previously described18.
In situ cell death detection (apoptosis) of articular cartilage and
subchondral bone plate
Articular cartilage and osteocyte apoptosis were assessed by
TUNEL assay using an in situ apoptosis detection kit (Takara, Shiga,ial tibia. (A) Stress-displacement curve at 1 (a), 2 (b), and 4 (c) week(s) after surgery
up). (B) Creep response of cartilage in the medial tibia (n ¼ 7; *P < 0.05, **P < 0.01).
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sections were also incubatedwith propidium iodide (PI) to label the
nuclei. Fluorescencemicrographs were obtained using ﬂuorescence
microscopy (Fluoview FV10i, Olympus, Tokyo, Japan). Chondrocyte
and osteocyte apoptosis were determined as the percentage of
TUNEL-positive chondrocytes and osteocytes in the PI-labeled
chondrocytes and osteocytes within a region with a mediolateral
width of 0.5 mm and depths of 0.25 mm (chondrocyte) and 0.1 mm
(osteocyte) from the cartilage and subchondral bone plate surface
respectively, in the middle region of the medial tibia, by using the
Image-J software.
Statistical analysis
Statistical analyses were performed with the JMP 11 software
program (SAS Institute, Cary, NC USA) or R (the R Foundation for
Statistical Computing, Vienna, Austria). To evaluate effects of
treadmill walking on the DMM knee, we analyzed and compared
biomechanical properties, subchondral bone changes, and cartilage
degeneration among the following three groups: (1) DMMFig. 2. The chondroprotective effects of treadmill walking. (A) Gross appearance of tibia in
cartilage was smooth in the sham group and in the disrupted middle region of the medial ti
blue section (a, c, e) and immunohistochemical staining of type II collagen (b, d, f) 4 weeks
bars ¼ 100 mm. (C) Osteoarthritis development evaluated by OARSI scores. Boxplots display
scores as evaluated by histological sections Boxplots display median values and interquartioperated knee of sedentary group (DMMgroup), (2) DMMoperated
knee of walking group (DMM þ walking group), and (3) sham
operated knee of sedentary group (sham group). Graphical results
were displayed as mean with uncertainly expressed by 95% conﬁ-
dence intervals for continuous data, and as medians and inter-
quartile ranges for categorical data. All the continuous data were
assessed for normality by using the ShapiroeWilk test and for
homoscedasticity by using the Bartlett or a F-test. To evaluate the
differences among the three groups, an analysis of variance with a
subsequent post hoc Tukey-Kramer or Games-Howell test was used
for parametric continuous data. Meanwhile, the KruskaleWallis
test with subsequent post hoc Steel-Dwass test was used for
nonparametric continuous data or categorical data. The unpaired t-
test was used for pair-wise differences of the SBC diameter between
the DMM and DMM þ walking groups. Welch correction was
applied for variables with unequal variance. A Spearman's rank test
was used to calculate the correlations between OARSI scores and E.
Lac/mm2 in the superﬁcial zone (0e100 mm) and the total zone (i.e.,
sum of the superﬁcial to deep zones as the total zone; 0e400 mm)
from the averaged OARSI scores and E. Lac/mm2 from three tissuethe sham, DMM, and DMM þ walking groups at 4 weeks after surgery. The surface of
bia particularly in the DMM group (dot-line area). (B) Histological ﬁndings of toluidine
after surgery. AC, articular cartilage; SB, subchondral bone. Magniﬁcation:  100. Scale
median values and interquartile ranges (n ¼ 7; *P < 0.05, **P < 0.01). (D) Osteophyte
le ranges (n ¼ 7; *P < 0.05, **P < 0.01).
Fig. 3. Osteocyte deaths in the subchondral bone, which was partly prevented by treadmill walking. (A) The number of empty osteocyte lacunae per square millimeter (E. Lac/mm2)
according to depth at 1 (a), 2 (b), and 4 (c) week(s) after surgery (n ¼ 7; *P < 0.05, **P < 0.01). (B) The number of healthy osteocyte lacunae per square millimeter (Healthy Ot/mm2)
according to depth at 1 (a), 2 (b), and 4 (c) week(s) after surgery (n ¼ 7; *P < 0.05). (C) The total number of osteocyte lacunae per square millimeter (Total Ot/mm2) according to
depth at 1 (a), 2 (b), and 4 (c) week(s) after surgery (n ¼ 7; *P < 0.05, **P < 0.01). (D) The osteocyte lacunar occupancy (%) according to depth at 1 (a), 2 (b), and 4 (c) week(s) after
surgery (n ¼ 7; *P < 0.05, **P < 0.01).
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number of animals. In all cases, P < 0.05 was considered statistically
signiﬁcant.
Results
Changes in biomechanical properties
One week after surgery, there were no signiﬁcant differences
in the stressestrain curve among the three groups [Fig. 1(A)], but
both the DMM and DMM þ walking groups had a signiﬁcantly
increased displacement after 2 and 4 weeks compared to the
sham group (P < 0.05). Four weeks after surgery, the
DMM þwalking group had a lower displacement compared to the
DMM group; however, there were no signiﬁcant differences be-
tween the DMM and DMM þ walking groups at any compressive
stress value.
The creep behaviors among groups were also evaluated at each
time point [Fig. 1(B)]. From 2 weeks after surgery, the DMM group
showed a signiﬁcantly higher creep compared to the sham group
(P < 0.01). The DMM þ walking group had a signiﬁcantly lower
creep compared to the DMM group 4 weeks after surgeryFig. 4. In situ cell deaths detected by TUNEL staining. (A) Fluorescence micrograph of the m
in the sham group (aeb), there were many apoptotic chondrocytes conﬁrmed particularly
groups (eef). AC, articular cartilage; SB, subchondral bone; BM, bone marrow. The white b
bars ¼ 100 mm. (B) Quantitative analysis of TUNEL staining of chondrocytes; number of PI-lab
positive chondrocytes (c) (n ¼ 5; *P < 0.05, **P < 0.01).(P < 0.05); however, there were no signiﬁcant differences at 1
(P ¼ 0.99) and 2 weeks (P ¼ 0.66) after surgery.
Osteoarthritic changes in articular cartilage and osteophyte growth
During gross observation 4 weeks after surgery [Fig. 2(A)], the
surface of the cartilage was smooth in the sham group and had a
disrupted middle region of the medial tibia with evidence of
ﬁbrillation particularly in the DMM group. The surface of the
cartilage in DMM þ walking group seemed to be less macroscopic
changes than those in DMM group.
The histology of cartilage in the DMM group was characterized
by vertical ﬁssure reaching the deep zone, decreased chondrocytes,
and strong proteoglycan depletion shown by the toluidine blue and
type II collagen staining [Fig. 2(B)]. Cartilage in the DMMþwalking
group had less vertical ﬁssure, which was located only in the su-
perﬁcial zone, compared to the DMM group. The OARSI score
[Fig. 2(C)] in the DMM þ walking group was signiﬁcantly lower
than that in the DMM group 4 weeks after surgery (P < 0.05). There
were no signiﬁcant differences in the osteophyte scores between
the DMM and DMM þ walking groups at any of the time points
[Fig. 2(D)].edial tibia 4 weeks after surgery. Although few apoptotic chondrocytes were conﬁrmed
around the degenerated cartilage region in both the DMM (ced) and DMM þ walking
ox represents a magniﬁcation of the osteochondral region shown on the right. Scale
eled chondrocytes (a), TUNEL-positive chondrocytes (b), and the percentage of TUNEL-
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In OA conditions, a lumber of empty osteocyte lacunae were
conﬁrmed especially in the superﬁcial zone (0e100 mm from the
osteochondral region) of subchondral bone plate, which were
located underneath degenerated cartilage. Treadmill walking sup-
pressed the increase of E. Lac/mm2 in the superﬁcial zone from 2 to
4 weeks [Fig. 3(A)], which became signiﬁcantly lower level
compared to the DMM group 4 weeks after surgery (P < 0.05).
Healthy Ot/mm2 and Total Ot/mm2 were higher in the DMM and
DMM þ walking groups compared to the sham group [Fig. 3(B),
(C)]; no signiﬁcant differences were conﬁrmed between the DMM
and DMM þ walking groups at any of the time points. As with E.
Lac/mm2, lacunar occupancy was decreased over time in the su-
perﬁcial zone in the DMM group [Fig. 3(D)], to a signiﬁcantly lower
level compared to the DMMþwalking group 4 weeks after surgery
(P < 0.01). Additionally, healthy osteocyte lacunae surface in the
DMM group was signiﬁcantly larger compared to the sham and the
DMM þ walking groups particularly in the superﬁcial zone of the
subchondral bone 4 weeks after surgery (Supplementary Fig. 1).
There were no signiﬁcant differences in empty osteocyte lacunae
surface among three groups at any of the time points.
There were signiﬁcant correlations between the OARSI score
and E. Lac/mm2 in the superﬁcial zone (r ¼ 0.77, P < 0.01) as shown
in Supplementary Fig. 2. This correlation became unclear when E.
Lac/mm2 in the total zone (0e400 mm) was considered (r ¼ 0.58,
P < 0.01).
In situ cell deaths detected by TUNEL staining
To examine the cell death mechanisms, particularly that of
osteocytes on the subchondral bone surface as mentioned
earlier [Fig. 3], we performed TUNEL staining [Fig. 4(A)]. How-
ever, there were few TUNEL-positive osteocytes in the sub-
chondral bone of any group (Supplementary Fig. 3). Equally,
many TUNEL-positive chondrocytes were conﬁrmed in theFig. 5. Effect of treadmill walking on subchondral bone plate evaluated by micro-CT. (A) M
surgery. Subchondral bone cysts were conﬁrmed in the middle region of the medial tibia
trabecular bone volume fraction (Sb BV/TV) (a) and subchondral bone plate thickness (Sb tcartilage of all groups [Fig. 4(A), (B)]. The number of PI-labeled
chondrocytes was signiﬁcantly lower in the DMM group
compared to the sham group at 4 weeks after surgery (P < 0.01).
The number of TUNEL-positive chondrocytes in the DMM group
had a tendency to increase compared to the sham group at 4
weeks after surgery (P ¼ 0.06). The percentage of TUNEL-
positive chondrocytes in the DMM þ walking group was
signiﬁcantly lower than that in the DMM group at 4 weeks after
surgery (P < 0.05).
Micro-CT analysis of subchondral bone changes
According to themicro-CTobservation, SBCs were present in the
medial tibia of all animals in the DMM and DMM þwalking groups
underneath the region of degenerated cartilage throughout the
time-course of the study [Fig. 5(A)]. There were no signiﬁcant
changes in Sb BV/TV and Sb thickness in the weight-bearing region
of the three groups at 1 and 2 week(s) after surgery [Fig. 5(B)]. Four
weeks after surgery, the Sb BV/TV in the DMMþwalking groupwas
signiﬁcantly higher than the DMM group (P < 0.05). Prominent
subchondral bone thickening was conﬁrmed in the
DMM þ walking group at 4 weeks after surgery which was
signiﬁcantly higher compared to the sham group (P < 0.01), but not
signiﬁcantly different compared to the DMM group (P ¼ 0.06). The
DMM surgery did not affect the parameters of subchondral
trabecular bone which are epiphysis distal to the growth plate
(Supplementary Fig. 4).
The formation of subchondral bone perforations created by the
SBCs in the medial tibia is shown in Fig. 6(A). There were no sig-
niﬁcant differences in the maximum and average SBC diameters
between the DMM and DMM þ walking groups at 1 and 2 weeks
after surgery [Fig. 6(B)]. The maximum SBC diameter was not
different between the DMM and DMM þ walking group 4 weeks
after surgery (P ¼ 0.53); however the DMM þ walking group ten-
ded to have a short average SBC diameter compared to the DMM
group (P ¼ 0.06).icro-CT observations of the sham, DMM, and DMM þ walking groups 4 weeks after
in the DMM and DMM þ walking groups (white arrow head). (B) The subchondral
hickness) (b) of the medial tibia at each time point (n ¼ 7; *P < 0.05, **P < 0.01).
Fig. 6. Formation of SBCs. (A) Three-dimensional image of the subchondral bone of the tibial plateau 4 weeks after surgery. Several subchondral perforations were conﬁrmed,
particularly in the severe sample (black arrow head). Osteophyte mineralization was conﬁrmed in all samples of DMM and DMM þ walking groups (white arrow head). (B) The
maximum (a) and average (b) diameters of SBCs in the medial tibia after surgery (n ¼ 7).
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Increased TRAP-positive osteoclasts were conﬁrmed in SBCs of
the DMM group after drilling towards the articular cartilage un-
derneath the degenerated cartilage; however, this was not
markedly observed in the DMM þ walking group [Fig. 7(A)]. The
number of osteoclasts [Fig. 7(B)] in the subchondral bone region
was signiﬁcantly increased in the DMM group compared to the
sham group from 2 weeks after surgery (P < 0.05), which was not
pronounced in the DMM þ walking group at 2 (P ¼ 0.16) and 4
(P ¼ 0.09) weeks after surgery. In the osteophyte region, the
DMM group also showed increased osteoclasts number over
time; the DMM þ walking group had a signiﬁcantly lower oste-
oclasts number compared to the DMM group 4 weeks after sur-
gery (P < 0.05). ALP-positive osteoblasts were particularly
observed in SBCs of the DMM group [Fig. 8]. ALP-positive chon-
drocytes in the articular cartilage were diminished underneath
the degenerated cartilage particularly in the DMM group
[Fig. 8(C) and (D)].Discussion
According to the best of our knowledge, this was the ﬁrst study
conducted to show that 4 weeks of gentle treadmill walking tended
to suppress the growth of SBCs and TRAP-positive osteoclasts in
subchondral bone surface. These preventive effects of treadmill
walking coincide with the chondroprotective effects, as indicated
by OARSI scores, TUNEL assay results, and changes in biomechan-
ical properties. Furthermore, treadmill walking could suppress
increasing osteocyte deaths induced by DMM surgery, which is
positively correlated with OARSI scores.
SBC growth, produced by osteoclasts, plays an important role in
early stages of OA pathogenesis, which should be treated to prevent
the further progression of OA26. Cox et al. showed SBC growth was
proposed to be accelerated by the death of osteocytes that surround
SBCs10. Also, other studies showed that existing osteoclast-created
SBCs correspond with the presence of necrotic bone4, and that
osteocyte debris could elevate osteoclastogenesis27. In the present
study, we described that gentle treadmill walking could partly
Fig. 7. Histological ﬁndings of TRAP staining. (A) Histological section of TRAP-positive osteoclasts (stained red-violet) in the medial tibia 4 weeks after surgery. There were few
osteoclasts in the osteochondral region in the sham group (aeb); however, a high number of osteoclasts were conﬁrmed in subchondral bone cysts located underneath degenerated
cartilage, particularly in the DMM (ced) group compared to the DMM þ walking (eef) groups (black arrow head). Osteoclasts were also conﬁrmed in the osteophyte region of the
DMM group (geh). AC, articular cartilage; SB, subchondral bone; BM, bone marrow; OP, osteophyte. The black box represents a magniﬁcation of the ﬁgure on the right. Scale
bars ¼ 100 mm. (B) Numbers of TRAP-positive osteoclasts per bone surface (N. Oc/BS) in subchondral bone region (a) and osteophyte region (b) (n ¼ 7; *P < 0.05, **P < 0.01 sham vs
DMM group; xP < 0.05, xxP < 0.01 sham vs DMM þ walking group; yP < 0.01 DMM vs DMM þ walking group).
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which could contribute to the prevention of the SBC growth
generated by osteoclasts in the DMM knee.
Currently, there are few reports to directly explain the cause of
these preventive effects of exercise on subchondral bone deteri-
oration in vivo; however one possibility could be the chon-
droprotective effect of treadmill exercise through mechanical and
biological interactions at the bone-cartilage interface. As shown
in several studies, degenerated and softened cartilage might
transmit excessive mechanical loading to the breached underly-
ing subchondral bone surface resulting in osteocyte deaths,
which further leads to SBC growth10. In addition to mechanical
interactions, biological processes also affect the pathogenesis of
structural changes through bone-cartilage molecular crosstalk. In
a recent study, the RANKL was released by chondrocytes of
degenerated cartilage28. RANKL acts in a paracrine manner on the
subchondral bone plate through calciﬁed cartilage, which results
in osteoclast stimulation. Furthermore, TNF-a and IL-1, which are
released by degenerated cartilage, could induce osteocyte
deaths29. According to the mechanisms of the chondroprotective
effect of treadmill walking, such as elevation of anti-apoptotic
capacity11 and anti-oxidative stress capacity30, that have been
discussed in previous in vivo studies, these might involve sup-
pression of osteocyte deaths and osteoclast-induced SBC growth.
However, we could not consider separately the effects of tread-
mill walking from its direct effects on the regulation ofsubchondral bone homeostasis12,31. Further studies are needed to
evaluate exercise effects along with various exercise intensities
which could affect the effectiveness of exercise on cartilage and
subchondral bone11,32,33.
Osteocytes are known to regulate mineralization surrounding
their lacunae. Lane et al. showed that elastic modulus of sub-
chondral bone surrounding large osteocyte lacunae were reduced
in glucocorticoid-treated mice, thereby increasing bone fragility34.
These large osteocyte lacunae may be able to dissipate loads and
may crack around the surface35. In the present study, we described
the large osteocyte lacunae were conﬁrmed in the DMM group
particularly around micro-cracks but not so pronounced in the
DMM þ walking group (Supplementary Fig. 1). Actually little is
known about the mechanism of changes in osteocyte lacunae sur-
face in musculo-skeletal pathologies, speciﬁcally regarding sub-
chondral bone and exercise, our results indicate that increased
osteocyte lacunae surface of subchondral bone in the DMM group
may be associated with low mineral material strength that could
cause OA development, and that gentle treadmill walking may
prevent bone fragility via improvement of microenvironment sur-
rounding osteocyte lacunae.
Surprisingly, osteocyte apoptosis was not detected in the TUNEL
staining even in the DMM and DMM þ walking groups which is
consistent with a recent study reported by Boudenot et al.12 Several
studies showed that necrotic bone was conﬁrmed adjacent to
osteoclastic bone resorption and degenerated cartilage4,36. These
Fig. 8. Histological section of ALP staining in the medial tibia 4 weeks after surgery. ALP-stained cell (brown) was localized in hypertrophic chondrocytes or the subchondral bone
marrow in the sham group (aeb). ALP-stained chondrocytes on the top of the subchondral cyst were diminished (arrow head) in DMM group (ced). Strongly ALP-stained oste-
oblasts were conﬁrmed in subchondral bone cysts of the DMM group (d, black arrow) compared to the DMM þ walking group (eef). ALP-positive cells were increased in the
osteophyte region in the DMM group (geh). AC, articular cartilage; SB, subchondral bone; BM, bone marrow; OP, osteophyte. The black box represents a magniﬁcation of the ﬁgure
shown on the right. Scale bars ¼ 100 mm.
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factors other than apoptosis, such as osteonecrosis, and might not
be affected by short-term exercise. To explain these cell death
mechanisms in early OA warrant further studies.
There are several limitations in the present study. Firstly, there
was a lack of statistical power to determine the effects of treadmill
walking; therefore, no signiﬁcant differences, particularly
regarding SBC growth and osteoclasts activity in subchondral bone
region, were conﬁrmed between the DMM and DMM þ walking
groups. Secondly, the present study involved short-term interven-
tion periods in the early stage of OA which is a transient period.
Hence, we could not afﬁrm the effectiveness of gentle treadmill
exercise in late stage of OA. Therefore, the effects of long-term
treadmill walking on cartilage and subchondral bone should be
conﬁrmed. Thirdly, we used an experimental rat model; thus, our
ﬁndings may not translate directly to humans. Finally, there arecontroversies regarding the initial structural changes in the DMM
knee and whether these alterations ﬁrst occur in the subchondral
bone or the articular cartilage.
In conclusion, short-term gentle treadmill walking suppressed
increasing osteocyte deaths and had a tendency to prevent SBC
growth generated by osteoclasts in the DMM knee. These changes
coincide with the prevention of cartilage degeneration, including
biomechanical softening. Interestingly, there was a positive corre-
lation between cartilage degeneration and osteocyte deaths, indi-
cating that biomechanical and biological links exist between
cartilage and subchondral bone, and the preventive effects of
treadmill walking on subchondral bone deterioration might be
partly explained by the chondroprotective effect. Further re-
searches are required for investigating the effects of gentle tread-
mill walking on subchondral bone changes in an instability-
induced OA.
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